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Abstract.  An affinity-purified antibody directed 
against the 27-kD protein associated with isolated rat 
liver gap junctions was produced.  Light and electron 
microscopic immunocytochemistry showed that this 
antigen was localized specifically to the cytoplasmic 
surfaces of gap junctions. The antibody was used to 
select cDNA from a  rat liver library in the expression 
vector lambda gtll. The largest cDNA selected 
contained 1,494 bp and coded for a protein with a 
calculated molecular mass of 32,007 daltons. Northern 
blot analysis indicated that brain,  kidney, and stomach 
express an mRNA with similar size and homology to 
that expressed in liver, but that heart and lens express 
differently sized, less homologous mRNA. 
xp junctions are present between cells in many tissues 
and in a wide range of species (Bennett and Good- 
enough, 1978). The gap junctions in these tissues all 
share a basic structural similarity, but exhibit a variation both 
in their detailed morphologies as revealed by electron mi- 
croscopy (Friend and Gilula, 1972) and in their sensitivities 
to physiological manipulations (Rose and Loewenstein, 1975; 
Turin and Warner,  1977; Spray et al.,  1981). Evidence is 
available in several systems which suggests that individual 
cells within a given tissue are capable of forming physiologi- 
cally and structurally distinct  junctions with their neighbors 
(Weir and Lo, 1982; Miller and Goodenough, 1986). Thus 
the question arises: are the junctions in these different  tissues 
composed of the same, similar, or completely different pro- 
tein components? 
One approach to this question has been to develop proce- 
dures by which gap junctions can be isolated from different 
tissues. The polypeptides associated with isolated junctions 
have been compared directly. Antibodies raised against junc- 
tional polypeptides have been used to identify related pro- 
teins in tissues in which junctions cannot be isolated. It has 
been possible to directly isolate enriched preparations of gap 
junctions from a few tissues and species: mouse and rat liver 
(Goodenough and Stoeckenius, 1972; Henderson et al., 1979; 
Hertzberg and Gilula,  1979; Finbow et al.,  1985),  mouse, 
rat, and rabbit heart (Kensler and Goodenough, 1980; Gros 
et al., 1983; Manjunath et al., 1982), and bovine lens fibers 
(Alcala et al.,  1975; Goodenough, 1979). 
Detailed biochemical comparisons have been performed 
on polypeptides enriched by these procedures. Most hepato- 
cyte gap junction preparations contain a low number of pro- 
tein components which are dominated by a  single protein 
with a  range of reported molecular masses of 26-29  kD. 
However,  Warner et al.  (1984) and Paul (1985) report the 
presence of a 54-kD protein in a number of  tissues that cross- 
reacts with antibody to rat liver 27-kD protein. In addition, 
Finbow et al.  (1985) have isolated gap junction structures 
from mouse liver which are comprised of an 18-kD protein. 
This 18-kD protein exhibits no homology with rat liver 27-kD 
by two-dimensional peptide mapping. Antibodies against rat 
liver 27-kD do not cross-react with the 18-kD species. Thus, 
while there seems to be a general consensus that the liver gap 
junction is composed primarily of a 27-kD species, there are 
still data which need clarification. 
Lens fiber membranes display a 26-kD protein, designated 
MP26, as a major protein component. MP26 has been sug- 
gested as a structural component of the lens fiber junction 
although this is a matter of controversy (see Bok et al., 1982; 
Paul and Goodenough, 1983a, b). Biochemical comparisons 
reveal no structural similarities between the liver 27-kD and 
the lens fiber MP26. Peptide mapping of liver 27-kD and lens 
MP26 reveals no obvious homology (Hertzberg et al., 1982; 
Gros et al.,  1983) and this finding is supported by partial 
amino acid sequencing (Nicholson et al., 1983). In addition, 
antisera and monoclonal antibodies generated against MP26 
show no affinity for rat liver 27-kD protein (Paul and Good- 
enough,  1983a;  Fitzgerald et al.,  1983; Hertzberg et al., 
1982 but see Traub and Willecke,  1982). 
Myocardial gap junctions have been isolated by several in- 
vestigators and a  number of different major proteins have 
been reported. These include proteins of 30-34 kD (Kensler 
and Goodenough, 1980),  27 kD (Hertzberg and Skibbens, 
1984),  45  and 29  kD  (Page  and  Manjunath,  1985),  and 
29 kD (Gros et al., 1983). The heart 29-kD protein has been 
peptide mapped and some NH2-terminal sequence has been 
determined which has revealed a partial homology with the 
rat liver 27-kD  protein  (Nicholson et al.,  1985). Peptide 
maps of liver, heart, and uterine junction polypeptides per- 
formed by Zervos et al. (1985) suggest a very close homology 
between all three. They also demonstrate that an antibody to 
a synthetic oligopeptide based on the liver NH2-terminal se- 
quence cross-reacts with heart and uterine junction proteins. 
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been reported both to cross-react with heart (Hertzberg and 
Skibbens, 1984) and not to cross-react (Paul, 1985; Dermiet- 
zel et al.,  1984),  suggesting that conserved and non-con- 
served regions may exist between the proteins of these differ- 
ent tissues. 
The results of these studies suggest that a variety of gap 
junction proteins  may exist.  In each tissue,  a  number of 
potential candidates for major structural protein have been 
proposed. The relationship of the proteins in different tissues 
remains unclear. 
To confirm the identity of the 27-kD protein as a structural 
protein(s) of rat liver gap junction, affinity-purified anti-27- 
kD antibodies were generated and used to determine the lo- 
cation of 27-kD protein by electron microscopic (EM) 1 im- 
munocytochemistry. To provide another method with which 
to identify and compare possible gap junction components, 
the antibodies were used, in conjunction with an expression 
vector, to isolate cDNA clones from a rat liver library. 
A 1.1-kb cDNA was cloned using the expression screening 
technique. A longer 1.5-kb cDNA was cloned using a hybrid- 
ization screen using the 1.1-kb eDNA as a probe. The DNA 
sequence of the  1.5-kb  cDNA  predicts  a  32-kD  protein. 
Northern blot analysis revealed a major 1.6-kb band in liver 
and in a variety of other tissues excepting heart and lens. In 
heart and lens, several  bands were detected. These bands 
were less homologous to, and differed in size from, the major 
liver band. These results suggest that there may be distinct, 
tissue-specific gap junction mRNAs encoding significantly 
different proteins. 
Methods and Materials 
Preparation of  Anti-27-kD Protein Antibodies 
Gap junctions from calf liver were prepared according to Fallon and Good- 
enough  (1981) with  the  modification of the  addition  of 5  x  10  -4  M 
diisopropylfluorophosphate (Sigma Chemical Co., St. Louis, MO) to the 
sarkosine solutions. Purified 27-kD protein was obtained from the isolated 
junctions by preparative SDS PAGE as described in Paul and Cax~enough 
(1983a).  Antiserum was raised in rabbits by injecting whole isolated junc- 
tions emulsified in Freund's adjuvant. Primary immunization consisted of 
multiple subdermal and subcutaneous injections (,x,50-100 Ixl/site) of 1 mg 
of isolated whole gap junctions at a concentration of  0.5 mg/ml in complete 
Freund's adjuvant. Animals were hyperimmunized at monthly intervals in 
a  similar  manner  except that  incomplete Freund's adjuvant  was  used. 
Animals were bled via ear vein 5, 7, and 11 d after hyperimmunization. Use- 
ful  tilers were observed after the first boost.  The affinity-purified anti- 
27-kD antibodies used in these experiments were derived from animals that 
had been hyperimmunized twice. The anti-fusion protein antiserum was 
produced in a similar manner except that 0.5 mg of SDS PAGE purified fu- 
sion protein was injected each time. The anti-fusion antiserum used for 
these experiments was not affinity purified and was derived from an animal 
that had been boosted only one time. 
Anti-27-kD antibodies were produced by affinity purification of the se- 
rum using isolated 27-kD protein coupled to Sepharose described in Paul 
and  Cax~enough  (1983a).  Aflihity-purified anti-27-kD  antibodies  and 
anti-fusion protein antiserum were characterized by immunoblot (Towbin 
et al.,  1979) as described in Paul and Goodenough (1983a).  The amounts 
of protein loaded in the companion gel lanes that were Coomassie Blue- 
stained are the same as those loaded in gel lanes that were transferred to 
nitrocellulose. Electrophoretie transfer was performed in a Hoefer Trans- 
blot apparatus (Hoefer Scientific Instruments, San Francisco, CA) using 
Laemmli gel sample buffer (Laemmli, 1970) containing 10% methanol with 
continuous tap water cooling (,x,10°C) at 25 V for 1 h. 
Immunofluorescence  was  performed  on  5-10-gm  cryostat  sections 
1. Abbreviation used in this paper:  EM, electron microscopic. 
(Bright Instruments, U.K.) of adult mouse liver perfused with 10 m.M so- 
dium m-periodate and 0.3 % freshly dissolved paraformaldehyde in 0.075 M 
lysine-HCl and 0.037 M  phosphate, pH 7.4,  (PLP fixative)  according to 
Brown and Farquhar (1984). Sections were incubated with anti-27-kD anti- 
body at 10 I~g/ml in phosphate-buffered saline (PBS), and with unfractio- 
hated anti-fusion protein antiserum at 1:200 dilution in PBS, for 45 rain at 
room temperature. Slides were washed three times for 5 rain each in Coplin 
jars in PBS. Rhodaminated goat anti-rabbit secondary antibody (Boehr- 
inger Mannlaeim Biochemicals, Indianapolis, IN) at 1:200 dilution in PBS 
was applied to the sections and incubated an additional 45 min at room tem- 
perature. After two 3-min rinses in PBS, the slides were incubated in 5 % 
goat serum overnight at 4°C, rinsed again in PBS, and mounted in 50% 
glycerol/PBS with 0.4 % n-propyl gallate. Immanottuorescence microscopy 
was performed as described previously (Cax~enough et al.,  1980). 
EM localization of 27-kD protein was performed on fragments of rat liver 
plasma membrane. Membranes were isolated according to Hubbard et al. 
(1983).  Antibody binding was visualized with colloidal gold-conjugated 
goat anti-rabbit IgG (Janssen Pharmaceuticals, Westchester, PA). 50 p.I of 
0.5 mg/ml isolated membranes were incubated for 2 h at room temperature 
with both anti-27-kD antibody and anti-fusion protein antiserum at the 
same concentrations used for immunofluorescence. The membranes were 
washed three times in PBS by centrifugation (8,000 rpm for 5 min) in a Bio- 
fugeA (Heraust-Christ, West Germany) in Eppendorf centrifuge tubes. The 
final membrane pellets were resuspended in colloidal gold--conjugated goat 
anti-rabbit IgG which had been previously preadsorbed with three 50-gl 
aliquots of the same membrane suspension used for the Iocalizations. Incu- 
bations were carried out for 2 h at room temperature, and the membranes 
washed by centrifugation in PBS as above. Membranes were fixed in 2.5% 
glutaraldehyde in 0.2 M sodium cacodylate pH 7.4 for 30 min at room tem- 
perature. Specimens were subsequently stained with osmium and uranium 
and embedded in Epon as described previously (Paul and Goodenough, 
1983a). 
Construction and Screening of  cDNA Library 
cDNA clones were isolated from a rat liver library in lambda gtll. This li- 
brary was provided by M. Mueckler of the Whitehead Institute and its prep- 
aration has been described (Mueclder and Pitot,  1985).  The library was 
screened according to Young and Davis (1983) except that horseradish per- 
oxidase-conjugated goat anti-rabbit IgG (CooperBiomedical, Inc.,  Mal- 
veru, PA) was used to detect antibody binding. Anti-27-kD antibody was 
incubated with nitrocellulose lifts at 100 ng/ml in PBS containing 5 % nor- 
mal goat serum and 0.1% Tween 20 (Sigma Chemical Co.) for 1-4 h at room 
temperature with constant shaking. Filters were never stacked. Filters were 
rinsed three times for 15 min each with PBS/Tween then incubated with sec- 
ondary antibody that had been extensively absorbed with lysates of plating 
bacteria (Escherichia coli YI090) to reduce background.  After washing, 
bound horseradish peroxidase was detected by incubation with 0.5 mg/ml 
diaminobenzidine and 0.01% hydrogen peroxide in PBS/Tween. 
The cDNA selected by antibody was used to resereen the same library 
by plaque hybridization (Maniatis et al.,  1982).  After EcoRl digestion of 
the parent lambda DNA, the eDNA inserts were isolated after electrophore- 
sis in low-melt agarose (Bethesda Research Laboratories, Gaithersburg, 
MD).  Labeling was performed in low-melt agarose using random hexa- 
nucleotide primers as described by Feinberg and Vogelstein (1983). 
DNA Sequence Analysis 
Lambda  clones were harvested from plate lysates on  DEAE  cellulose 
columns according to Helms et al. (1985). The cDNAs were recloned into 
M13mpl8  (Messing and Vieim, 1982). A series of overlapping deletions in 
MI3 were constructed according to Dale et al. (1985).  Sets of overlapping 
deletions from both strands were sequenced by a modification (Biggin et al., 
1983) of the method of Sanger et al. (1977). Some regions were sequenced 
by a modification of the chemical degradation procedure described by Ben- 
cini et al. (1984) supplied by Richard Tissert (Columbia University) (manu- 
script in preparation). Sequence data were analysed using Intelligenetics 
computer programs (inteUigenetics, Palo Alto, CA). 
Production of  Fusion Protein 
The cDNA insert from the lambda clone picked up by antibody screening 
was  recloned  into  the  high-level plasmid  expression vector pMAM-17 
(Muesing et al., 1984). This vector contains the ColE1  top gene under the 
control of a thermally inducible lambda P~ promoter. A unique PvulI site 
in the rop gene provides for insertion of foreign sequences. To achieve ex- 
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stained  SDS  polyacrylamide 
gel of samples used to produce 
and purify antisera. (Lane 1) 
Molecular  mass  standards: 
myosin (200 kD), phosphory- 
lase A (95 kD), BSA (68 kD), 
gamma globulin (50 kD), ac- 
tin (43 kD), aldolase (40 kD), 
carbonic anhydrase  (29  kD), 
RNase (13 kD), cytochrome c 
(11 kD). (Lane 2) Isolated rat 
hepatic  gap junctions. (Lane 
3) Gel-purified 27kD protein 
used for affinity purification. 
Higher molecular mass bands 
are aggregates caused by dis- 
solving in SDS. 
pression of the cDNA released from lambda by EcoRI, an appropriately 
sized synthetic  EcoRI linker (New England  Biolabs, Beverly, MA) was in- 
troduced at the PvulI site of pMAM-17. The selected  eDNA was introduced 
in the new EcoRI site and the appropriate host bacteria (K-12 HI trp) were 
transformed. Fusion  protein was produced by shifting log phase bacteria 
growing in 2XTY broth at 30-42°C for 3 h. Bacteria were then cooled to 
4°C, centrifuged  (5 kg for 5 min) and sonicated  in I.aemmli  gel sample  dis- 
solving  buffer. Fusion protein  was isolated by bulk preparative SDS PAGE 
on 15%  Laemmli gels. Antiserum was prepared in rabbits as described 
above. 
Northern Blot Analysis 
Total RNAs from rat liver and heart and from bovine  lens were isolated by 
homogenization  in guanidine  isothiocyanate  followed  by CsCI  gradient  cen- 
trifugation  as described  by Chirgwin  et al. (1979). Poly(A)  RNAs were iso- 
lated by chromatography on oligo-dT cellulose (Collaborative  Research, 
Inc., Waltham, MA) according  to Aviv  and Leder (1972). RNAs were dis- 
played on 1% agarose/formaldehyde  gels as described by Maniatis et al. 
(1983) except that formaldehyde was added to 0.22 M. Gels were loaded 
with 5 I~g of total RNA or 1.5 I~g of poly(A)  RNA. Gels were capillary  blot- 
ted in 10x SSC onto nitrocellulose  (Schleicher  & Schuell, Keene, NH) and 
baked. Blots were prehybridized  in 5x SSC, 1% sarcosine  0BI, New Ha- 
ven, Cr) for 1 h at 65°C, then hybridized  in the same buffer  at 65°C over- 
night with probes prepared and labeled as described above. The blot con- 
raining total RNA was washed twice for 30 rain each time in 2.5x SSC, 
0.5% sarcosine  at room temperature, then twice for 30 min each time in 
0.1x SSC, 0.5% sarcosine  at 65°C before exposure to Kodak XAR-5 film 
for autoradiography at  -80°C with an intensifying  screen. The blot of 
poly(A) RNA was washed twice for 30 min each time in 2.5x SSC, 0.5% 
sarcosine  at room temperature  then twice for 30 rain  each time in  2.5 x SSC, 
0.5% sarcosine  at 50°C before exposure to film. The blot was rewashed in 
2.5x SSC, 0.5% sarcosine  at 65°C and exposed again. Another wash in 
0.5x  SSC, 0.5% sarcosine at 65°C was  performed followed by final 
exposure (lx SSC  =  150 mM NaC1, 15 mM Na Citrate, pH 7.0). 
Results 
Preparation of  Anti-27-kD Antibody 
The protein profile of isolated gap junctions, which  were 
used for immunizations, is shown in Fig. 1, lane 2. The gel- 
purified 27-kD protein, used to affinity purify the anti-gap 
junction antiserum, is shown in Fig.  1, lane 3.  The higher 
molecular mass band at ,x,48 kD in lane 3 is an aggregate of 
the 27-kD band which appears upon heating or concentrating 
the protein in SDS solution (Henderson et al.,  1979). 
A  Western blot characterization of the  affinity-purified 
anti-27-kD antibody is presented in combination  with a char- 
acterization of an antibody against a fusion protein derived 
from cloned eDNA (Fig. 2) and will be discussed later. 
Immunolocalization of  27-kD Antigen in Liver 
Anti-27-kD  antibodies were used for immunohistochemistry 
on frozen sections of PLP-fixed rat liver (Fig.  3  A).  The 
staining consisted of numerous macular and threadlike re- 
gions of intense fluorescence localized at the lateral but ab- 
sent from the sinusoidal surfaces of the hepatocytes.  This 
staining was consistent with the size, shape, and distribution 
of gap junctions in this tissue as revealed by numerous EM 
studies.  EM localization of antibody binding was used to 
demonstrate  that  gap junctions were  responsible for  the 
staining pattern observed at the light microscopic level. The 
EM study was performed on crude plasma membranes iso- 
lated from rat liver. Anti-2"/-kD antibody binding was de- 
Figure 2.  Western  blot comparison of anti-27-kD antibody and 
anti-fusion protein antiserum. Lanes  1-3 display  a  Coomassie 
Blue-stained companion of the gels transferred  to nitrocellulose. 
(Lane 1) Molecular mass standards.  (Lane 2) Lysates of induced 
bacteria expressing  fusion protein encoded by the cloned 1.1-kb 
eDNA (see text).  (Lane 3) Isolated gap junctions. Lanes 4 and 5 
show staining with anti-27-kD antibody; lanes 6 and 7 show stain- 
ing with anti-fusion  protein antiserum. Both antibodies label fusion 
protein (lanes 2, 4, and 6), and 27-kD protein and 48-kD aggregates 
(lanes 3,  5,  and  7).  Not all of the presumed breakdown  prod- 
ucts of the 27-kD protein which are recognized by the anti-27-kD 
antibody are labeled by the anti-fusion  protein antiserum. Neither 
preimmune sera label any bands under these conditions (data not 
shown). 
Paul Molecular Cloning of eDNA for Rat Liver Gap Junction Protein  125 Figure 3. Immunofluorescent  localization of gap junction protein (,4) and cDNA-encoded fusion protein (B) in PLP-fixed frozen sections 
of rat liver. Specific labeling consisted of macular or thread-like areas along the lateral aspects of the cell borders.  The distribution of 
these antigens is extremely similar. Bar, 20 ~m. 
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(Fig. 4, A and B). Gold particles were observed only on the 
cytoplasmic aspects of the gap junctional regions. No spe- 
cific staining was detectable on either cytoplasmic or ex- 
tracellular  surfaces of non-junctional membranes.  Preim- 
mune Ig showed a low, nonspecific background binding of 
gold (Fig. 4  C). 
cDNA Cloning with Antibody 
Affinity-purified anti-27-kD antibodies were used to screen 
a  rat liver eDNA library in lambda gtll.  250,000  plaques 
were plated for the initial screen in which one unambiguous 
positive was detected. This positive plaque was picked and 
replated  to  purity.  EcoRI  digestion of the  lambda DNA 
released  a  single  fragment that was  1.1  kb  in  size.  This 
selected eDNA will be referred to as the 1.1-kb clone. 
Two strategies were used to verify that the selected eDNA 
coded for a  gap junction protein.  First,  an antibody was 
raised against the fusion protein. This antibody was expected 
to exhibit characteristics similar if not identical to that of the 
original anti-27-kD  antibody. Second, the library was re- 
screened by hybridization to select longer cDNAs, hopefully 
containing the complete protein-coding region.  The NH2- 
terminal sequence predicted by these clones was expected to 
match that of the published amino acid sequence. 
Production of  an Anti-fusion Protein Antibody 
Two problems were experienced in producing an antibody 
against the lambda gtll fusion protein.  First, the absolute 
levels  of expression for the  1.1-kb eDNA were extremely 
poor. Second, the antigenic response to the beta-galactosi- 
dase portion of the fusion protein, which represents over U0 
kD of the total protein, was much more prominent than the 
response to the protein encoded by the eDNA. Therefore, the 
1.1-kb eDNA was subcloned into the high level expression 
vector pMAM-17  (Muesing et al.,  1984). This vector pro- 
duces a fusion protein consisting of 6 kD of a bacterial pro- 
tein,  rop,  plus whatever is  coded by the inserted eDNA. 
Production of  fusion protein is thermally induced by growing 
the bacteria carrying the construct at 42°C. Fig. 5 shows an 
SDS polyacrylamide gel of lysates of such bacteria grown at 
30°C, during which time expression was inhibited (lane 2), 
and at 42°C, during which time expression was induced (lane 
3). Induced bacteria displayed a major new band at 21 kD. 
This fusion protein was collected by preparative SDS PAGE 
(lane 5) and injected into rabbits. 
Comparison of  Anti-fusion Protein Antiserum 
and Anti-27-kD Antibody 
The unfractionated anti-fusion protein antiserum was char- 
acterized  by  Western blot  (Fig.  2).  The  affinity-purified 
anti-27-kD antibody (Fig. 2, lanes 4 and 5) and anti-fusion 
protein antiserum (Fig. 2, lanes 6 and 7) were used to label 
blots consisting of lysates of induced bacteria (Fig. 2, lanes 
2, 4, and 6) and whole isolated gap junctions (Fig. 2, lanes 
3, 5, and 7). With both antisera, labeling of the fusion pro- 
tein, the 27-kD gap junction protein, and the 48-kD aggregate 
Figure 5. Coomassie Blue-stained SDS polyaerylarnide  gel of fu- 
sion protein produced in pMAM-17. (Lanes 1 and 4) Molecular 
mass standards. (Lane 2) Lysate of bacteria grown at 30°C during 
which expression is repressed. (Lane 3) Lysate of bacteria grown 
at 42°C during which expression is induced. (Lane 5) Sample of 
SDS PAGE-purified  fusion protein used for production of antisera. 
were observed. The anti-fusion protein antiserum did not la- 
bel all of  the lower molecular mass bands which were labeled 
by the anti-27-kD antibody. These fragments may consist of 
NH2-terminal sequences which are not present in the fusion 
protein.  Both  the  anti-fusion protein  antiserum  and  the 
anti-27-kD antibody labeled a number of higher molecular 
mass proteins whose identities are unclear. No bands were 
labeled by preimmune serum from either rabbit (data not 
shown). The anti-fusion protein antiserum was also charac- 
terized by light microscopic immunohistochemistry (Fig. 3 
B), revealing a pattern of  labeling indistinguishable from that 
of the original anti-27-kD  antibody (Fig.  3  A).  EM  im- 
munocytochemistry using the anti-fusion protein antiserum 
was indistinguishable from Fig. 4  (data not shown). 
Figure 4. EM localization of 27-kD protein in rat liver plasma membranes. (A and B) Membranes stained with anti-27-kD followed by 
colloidal gold-conjugated goat anti-rabbit IgG. Staining  is observed  only on the cytoplasmic  surfaces of  junctional membranes. No specific 
stain is detected on non-junctional membranes. (C) Preimmune control. Bar, 100 nm. 
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CGCAGTGCCA  SGGAGGTGTG  AATGAGSCAG  G ATG  AAC  TGG  ACA  SST  CTA  TAC  ACC  TT6 
MET  Asn  Trp  Thr  Gly  Leu  Tyr  Thr  Leu 
61  76  91  106 
CTC AGT  GGC GTG ST  CGG CAT TCT ACA GCC ATT GGC CGA GTA TGG CTG TCC GTC 
Leu  Ser  Gly Val  Asn Arg His Set Thr Ala lle Sly Arg Val  Trp Leu  Ser Val 
121  136  151  166 
ATC  TTT ATC  TTC  AGA  ATC  ATG  GTG  CTG  GTG  GTG  GCT  SCA  GAG  AGC  GTG  TOG  GGT 
lie Phe  lle Phe Arg lle MET Val  Leu Val  Val  Ala Ala Glu Ser Val  Trp Sly 
181  196  211 
SAT  GAG  AAG  TCT  TCT  TTC  ATC  TGT  AAC  ACC  CTC  CAG  CCG  GGC  TGT  AAC  AGC  GTC 
Asp  Glu  Lys  Set  Set  Phe  lie  Cys  Asn  Thr  Leu  Gin  Pro  Sly  Cys  Asn  Set  Val 
226  241  256  271 
TGC  TAT  SAC  CAT  TTT  TTC  CCC  ATC  TCC  CAT  GTG  CGC  CTG  TGG  TCC  CTG  CS  CTC 
Cys  Tyr  Asp  His  Phe  Phe  Pro  lie  SeP  His  Vai  Arg  Leu  Trp  Ser  Leu  Gin  Leu 
286  301  316 
ATC  TTS  GTT  TCC  ACC  CCA  GCT  CTC  CTC  GTG  GCA  ATG  CAC  GTG  GCT  CAC  CAA  CAA 
Ile  Leu Val  SeP Thr  Pro Ala Leu  Leu Val  Ala MET His Val  Ala His Gin  Gin 
331  346  361  376 
CAC  ATA  GAA  AAG  AAA  ATG  CTA  CGG  CTT  GAG  GGG  CAC  GGG  SAC  CCC  CTT  CAC  CTG 
His  Ile  Glu  Lys  Lys  MET  Leu  Arg  Leu  Glu  Sly  His  Gly  Asp  Pro  Leu  His  Leu 
391  406  421  436 
GAA  GAB  GTA  AAG  AG8  CAC  AAG  8TG  CAC  ATe  TCA  GGG  ACA  CTG  TGG  TGG  ACC  TAT 
Glu  Glu  Val  Lys  Arg  His  Lys  Val  His  Ile  Set  Gly  Thr  Leu  Trp  Trp  Thr  Tyr 
451  466  481 
GTC  ATC  AGT  GTG  GTG  TTC  CGG  CTG  CTG  TTT  GAG  GCT  GTC  TTC  AT6  TAT  GTC  TTC 
Val  lie  Ser  Val  Val  Phe  Arg  Leu  Leu  Phe  Glu  Ala  Val  Phe  MET  Tyr  Val  Phe 
496  511  526  541 
TAT  CTG  CTC  TAC  CCG  GGC  TAT  GCC  ATG  GT8  CGG  CTG  GTC  AAG  TGT  GAG  GCC  TTC 
Tyr  Leu  Leu  TyP  Pro  Sly  Tyr  Ala  MET  Val  Arg  Leu  Val  Lys  Cys  Giu  Ala  Phe 
556  571  586 
CCC  TSC  CCC  AAC  ACG  GTG  SAC  TGC  TTC  GTG  TCC  CGC  CCC  ACT  GAG  AAA  ACC  GTC 
Pro  CXS  Pro Asn  Thr  Val  Asp  Cys  Phe  Val  Ser  Arg  Pro Thr  Glu  Lys Thr  Val 
601  616  631  646 
TTC  ACT  GTC  TTT ATG  CTC  GCC  GCC  TCC  GGC  ATC  TGC  ATT  ATC  CTC  AAC  GT8  GCG 
Phe  Thr  Val  Phe  MET  Leu  Ala  Ala  Set  Sly  Ile  Cys  Ile  lie  Leu  Asn  Val  Ala 
661  676  691  706 
GAG GTG GTG TAC CTC ATC ATC CGG GCC TGT GCC CGC CGT GCT CAG CGC CGC TCC 
Glu Val  Val  Tyr Leu  lle  lle Arg Ala Cys Ala Arg Arg Ala Gin Arg Arg Ser 
721  736  751 
AAT  CCG  CCC  TCC  CGC  AAG  GGC  TCG  GGC  TTC  GGC  CAC  CGC  CTC  TCA  CCT  GAA  TAC 
Asn  Pro  Pro  Set  Arg  Lys  Gly  Ser  Sly  Phe  Sly  His  Arg  Leu  Ser  Pro  Glu  Tyr 
766  781  796  811 
~G  CAG ST  GAG ATC AAC AAG CTG CTG AGC GAG  CAG r_.~C~T  GGC TCT CTG SA  SAC 
Lys  Gin  Ash  Glu  lle  Ash  Lys  Leu  Leu  8er  Glu  Gin  Asp  Sly  Ser  Leu  Ly$  Asp 
826  841  856 
ATA  CTG  CGC  CGC  AGT  CCT  GGC  ACT  GGG  GCC  GGG  CTG  GCT  GAG  AAG  AGC  SAC  CGA 
Ile  Leu  Arg  Arg  Ser  Pro  81y  Thr  Sly Ala  Sly  Leu  Ala  Glu  Lys  Set  Asp  Arg 
871  886  896  906  916  926  936 
TGC  TCA  GCC  TGC  TGA  TGC  CGAGTACCAG  GCAACCTCCC  ATCCAACCCC  TCCCTCACCC CACCCAGGCC 
Cys  Set  Ala  Cys 
946  956  966  976  986  996  1006 
TGCCCCTCCT  TCTCCTATGC TGGTGAGCAG  GCCTCTGCCT  CCTAGGGATT  ACTCCATCAA ACCTTCCCTC 
1016  1026  1036  1046  1056  1066  1076 
CCTCCCTACT  CCCCTTCCTC  AGAP--~GTCTT  CTGTCASGA  CCTGGCCGGC TTGGC~GTGG  GC~GCCACTT 
1086  1096  1106  1116  1126  1136  1146 
CTGCACCAGG  GCTP-~eC~GGTT  ATTGAGGGTG  TGGGCAATTC  TTTCTGCCTA TACCCTTTCC TCTTCCCTCT 
1156  1166  1176  1186  1196  1206  1216 
CCCTGAGATG  AGGGATGAGA  TGTTCTGAAG GTGTTTCC~  TTAGGAAACG  TAATCTTAAC CCCCATGCTG 
1226  1236  1246  1256  1266  1276  1286 
TCAGGTACCC  CACTTTGGGA  GTCATGTCAG  TGGGC~GGGC  TGTGAGCAAG  CAGAGTGGAG  GAGGGGCTCT 
1296  1306  1316  1326  1336  1346  1356 
GCACTGTGGA  TGGAGAAGGG  AGGGGAGCTT  GCCTTGCTGC CTGCTACAAG  GAAAAGGAGG  ACACATCTAG 
136&  1376  1386  1396  1406  1416  1426 
GGTGGGGGAG  TTCTGG~GGG  AGAAGCAGGC  AGATAAATCA  G~GTGGGGGT  TGGTCAGGGC  TGCCCCCAGT 
1436  1446  1456  1466  1476  1486  1474 
CCCCAGTTCC  CAAGGCCTCT  CTCTCTGAAA ATGTTACACA TTAAACAGGA  TTTTACAGTA AAAAAAAAAA 
1496  1506  1516  1526  1536  1546  1551 
AAAAA~  AA~.A  A~,,."~.~.~.,  AAAAAAAAS AAAAAAAAAA  AA~...A~..,.¢~ AAAAA 
1.51(b  clone  IIIII 
l.lKb  clone 
Figure 6. Nucleotide sequence of 
rat liver gap junction eDNA and 
derived  amino  acid  sequence. 
This sequence is constructed by 
overlapping  sequences from the 
1.1-kb  eDNA  and  the  1.5-kb 
cDNA. The nature of the overlap 
between these cDNAs is shown in 
the diagram at the bottom of the 
figure. Solid bar indicates regions 
of the eDNA that were complete- 
ly  sequenced.  Dotted  line  indi- 
cates region where sequence data 
was  not  obtained,  The  largest 
open reading frame codes for a 
32-kD protein. The first 56 amino 
acids have been sequenced by Ed- 
man  degradation  (Nicholson et 
al.,  1983) and match the derived 
sequence precisely. 
cDNA Cloning by Hybridization 
To isolate full length cDNA clones, the original library was 
rescreened by plaque hybridization with the 1.1-kb  eDNA. 
Initially,  150,000  plaques  were  plated;  22  positives  were 
picked and  replated  to purity.  A  1.5-kb  eDNA  clone was 
selected for complete sequencing. The original 1.1 kb clone 
was partially sequenced. The nucleotide sequences of these 
two clones overlapped and provided a major portion of the 
sequence  of  rat  liver  gap  junction  mRNA.  The  derived 
nucleotide and protein sequence is shown in Fig. 6. The na- 
ture  of the  overlap  in  the  sequenced  regions  of the  two 
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Figure  7.  Plot of hydropathicity 
and  secondary  structure  of  rat 
liver gap junction protein. Hydro- 
pathicity values have been plotted 
with respect to position along the 
derived  amino acid  sequence of 
gap junction protein. Column at 
left displays  amino acid  residue 
number.  Negative  peaks  (left of 
center zero) indicate hydrophobic 
areas,  positive  peaks  (right  of 
center zero) are hydrophilic. Sec- 
ondary structure calculated by the 
paradigm  of Chou  and  Fasman 
(1974)  is  indicated  at  the  right. 
The positions of the major hydro- 
phobic regions correspond close- 
ly to the prediction of beta-sheet 
secondary structure. 
cDNAs is shown in the diagram at the bottom of Fig. 6. The 
nucleotide sequence of the 1.1-kb cDNA was determined for 
220 bp  starting  at  the  5' (coding region) end.  The  1.1-kb 
cDNA sequence overlaps the 1.5-kb cDNA beginning at base 
435 of the longer clone. The sequence of the  1.1-kb cDNA 
was also determined 176 bp from the 3' (noncoding) end. The 
1.1-kb cDNA contains a 71-base poly(A) region at its 3' end 
not  found in the  1.5-kb cDNA.  The predicted mRNA se- 
The  Journal  of Cell Biology, Volume  103,  1986  130 quence exhibits a  3' untranslated region of 668 nucleotides 
and  does not display  a  consensus poly-adenylation signal 
(Proudfoot and Brownlee,  1976). The sequence ATTAAA 
near the 3' end of the eDNA at base 1,466 may serve as such 
a signal. The reading frame in the eDNA sequence is closed 
near the 5' side of the presumed initiation codon. 
The eDNA  sequence predicts a  protein containing 283 
amino acids with a calculated molecular mass of 32,007 dal- 
tons.  The  predicted  NH2-terminal  amino  acid  sequence 
matches exactly the published NH2-terminal amino acid se- 
quence determined by Nicholson et al.  (1983).  This agree- 
ment, coupled with the behavior of the anti-fusion protein 
antibody, confirms that the cloned eDNA can code for a he- 
patocyte gap junction protein. It also suggests that there is 
no cleaved leader or signal sequence at the NH2 terminal. 
The  predicted  protein  contains  one  potential  site  for 
N-linked glycosylation (Fig. 6, starting at base 35) although 
no appreciable carbohydrate has been detected in the 27-kD 
protein in isolated gap junctions. An interesting feature of 
this  predicted  sequence  is  the  pronounced  imbalance  of 
charged residues.  There are 42 positively charged and 21 
negatively charged residues at neutral pH. The amino acid 
sequence was analyzed by the procedure of Kyte and Doolit- 
tle (1982) which predicts the hydropathic character of local 
regions in the sequence (Fig. 7, center). There are four major 
hydrophobic, potentially membrane-embedded areas:  resi- 
dues 1-40, 55-100, 130-165, and 190-215. The COOH-termi- 
nal 60 residues exhibit a pronounced hydrophilic character. 
A  prediction of secondary structure by the procedure of 
Chou and Fasman (1974) is also displayed in Fig. 7 (righ0. 
The hydrophobic regions of this protein exhibit a  striking 
tendency toward beta sheet conformation. Although this is an 
unusual characteristic for a membrane protein, it has been 
experimentally observed by x-ray diffraction of isolated rat 
liver gap junctions by Makowski et al.  (1982). 
Comparison  to Lens MP26 and Other Proteins 
The lens membrane protein MP26 has been suggested as a 
structural component of the unusual gap junctions between 
lens fibers. Bovine lens MP26 cDNA has been cloned and 
the derived amino acid sequence is available (Gorin et al., 
1984).  The predicted amino acid sequences of rat liver gap 
junction protein and bovine lens MP26 were are compared 
by  the  matrix  homology  search  method  of  Pustell  and 
Kafatos (1982) (data not shown). This procedure revealed no 
obvious homology at any point between these proteins. The 
National Biomedical Research Foundation (Dayhoff) protein 
sequence data bank was also searched for homologous pro- 
teins.  No obvious matches were detected. 
Northern Blot Analysis 
Total  RNAs  from  rat  liver,  brain,  stomach  and  kidney 
(Fig.  8, lanes 1-4, respectively) were examined for homolo- 
gous sequences by Northern blot analysis using the 1.5-kd 
eDNA as probe. For all tissues, hybridization was observed 
to a single band, or possibly a heterogeneous smear of simi- 
larly sized bands. In each case, a band of 1.6 kb, migrating 
slightly faster than the 18s ribosomal small subunit (lower ar- 
rowhead), was observed. This result suggests that each of 
these tissues expresses a single gap junction mRNA which 
is very homologous to that expressed in rat liver. Under these 
conditions of washing (0.1  ×  SSC at 68°C), no signal was de- 
Figure & Hybridization of rat liver gap junction  eDNA to total 
RNAs from liver, brain, stomach, and kidney of adult rats (lanes 
1-4, respectively). Each lane contains 5 gg RNA. Blot is probed 
with full length eDNA. Hybridization is observed in each case to 
a single band at ,x,l.6 kb. Arrowheads indicate the positions of 28s 
and 18s ribosomal subunits. 
tected in total RNA from rat heart or bovine lens. To examine 
these tissues more closely, poly(A) RNA was prepared and 
blotted. Fig. 9 displays a panel of exposures of the same blot 
containing poly(A) RNA from rat liver (lanes 1 ), rat heart 
(lanes 2), and bovine lens (lanes 3), washed under condi- 
tions of increasing stringency. Fig. 9 A shows the results of 
a very low stringency wash (2.5x  SSC at 50°C); bands are 
detected in liver at 1.6 kb and at ~9 kb (lane 1). A single 
band is detected in heart at 1.3 kb (lane 2). Two bands are 
detected in lens at ~o3.0 kb and 8 kb (lane 3). As stringency 
of the wash is increased (Fig. 9 B and C) first the hybridiza- 
tion to the band in heart is lost (Fig. 9 B, lane 2), then hybrid- 
ization to the two bands in lens (Fig. 9 C, lane 3). The blot 
in C was subjected to prolonged exposure to film; no trace 
of  hybridization to heart and lens remained (data not shown). 
This result suggests that heart and lens express gap junction 
proteins which share some but not complete homology to the 
protein expressed by liver, brain,  kidney, and stomach. 
Discussion 
It has been demonstrated by immunocytochemistry that the 
27-kD protein associated with isolated rat liver gap junctions 
is  specifically  localized  to  morphologically  recognizable 
junctions. This strongly supports the notion that the 27-kD 
protein is a structural component of gap junctions in that tis- 
sue. cDNAs have been cloned from a rat liver library which 
encodes  a  protein  with  immunocytochemical localization 
and an NH2-terminal amino acid sequence identical to the 
27-kD protein. The calculated molecular mass of the protein 
predicted by the eDNA is 32 kD. Northern blot analysis indi- 
cates that liver-type mRNA is present in a variety of tissues 
but is specifically absent from heart and lens. This supports 
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liver  gap junction  cDNA  to 
liver, heart, and lens poly(A) 
RNA  under  conditions  of 
varying stringency. Blot con- 
sists of  lanes of 1.5 Ixg poly(A) 
RNA from rat liver (lanes 1), 
rat heart (lanes 2), and bovine 
lens  (lanes 3).  Blot  was 
washed in  2.5x  SSC, 50°C 
(A),  2.5x  SSC, 65°C  (B), 
and 0.5×  SSC, 65°C (C). At 
lowest stringency, hybridiza- 
tion is observed to two bands 
in liver (1.6 kb and 9.0 kb), to 
one band in heart (1.3 kb) and 
two bands in lens (3.0 kb and 
8.0  kb).  At higher  stringen- 
cies, hybridization in heart is 
abolished  first,  followed by 
hybridization in lens. Hybrid- 
ization  in  liver  is  retained 
under  all  conditions  tested. 
Arrowheads indicate the posi- 
tions of 28s and 18s ribosomal 
subunits. 
the suggestion (Nicholson et al., 1983; Paul, 1985) of the ex- 
istence of at least three distinct, tissue-specific gap junctions 
proteins. 
There are three alternative explanations for the disparity 
between the observed molecular mass upon SDS PAGE and 
the molecular mass predicted from the cDNA. First, the 27- 
kD protein observed in isolated gap junctions could be the 
result of proteolytic cleavage of a  32-kD precursor.  This 
cleavage could be physiologically relevant or may be artifac- 
tual due to the isolation procedure. Second, the difference in 
calculated and observed molecular masses may be an artifact 
of the SDS PAGE system. Anomalous mobility of proteins 
in SDS PAGE is occasionally observed (Weber and Osborn, 
1975). Finally, a nucleotide sequencing error could result in 
the prediction of incorrect protein sequence. In fact, several 
regions of the 1.5-kb cDNA were difficult to sequence due 
to gel compressions and other artifacts of the dideoxy se- 
quencing procedure. To overcome this problem,  sequence 
was obtained on both strands  of the  1.5-kb cDNA by the 
dideoxy method and for the first 960 bases on both strands 
by the Maxam-Gilbert chemical degradation method. 
A 54-kD protein that cross-reacts with antibody specific 
for the rat liver 27-kD protein has been reported by Warner 
et al. (1984) and Paul (1985).  This protein is not detected in 
isolated gap junctions but is seen in crude homogenates of 
a variety of tissues. The results of the Northern analysis do 
not directly support the notion of a homologous but higher 
molecular mass  protein, but they do not rule it out.  The 
54-kD protein may share too little homology with the 27-kD 
protein to be observed under the conditions used.  Alterna- 
tively, the 54-kD may be coded by an mRNA close enough 
in size to that which codes for the 27-kD protein so that they 
are not resolved by the gel. In either case, it is clear that no 
precursor/product relationship obtains for any 54-kD protein 
and the protein predicted by the cDNA we have cloned. 
A possible explanation of our failure to observe an open 
reading frame long enough to code for a 54-kD protein is that 
the cDNA we obtained resulted from a "recombination" ar- 
tifact occurring during the preparation of the library. To ad- 
dress this issue, the 1.5-kb cDNA clone was separated into 
two fragments by digestion with Sau3A, which cuts at base 
771.  Both  fragments  were  used  independently  to  probe 
Northern blots of liver RNA.  No difference in quality or 
quantity of hybridization was observed (data not shown). 
The prediction of a large amount of beta conformation in 
the secondary structure of the 27-kD protein is extremely un- 
usual.  In fact, only one other integral membrane protein, 
E.  coli porin (Engle et al.,  1985) has been demonstrated to 
exhibit significant beta structure, x-ray diffraction measure- 
ments reveal a transmembrane domain of the gap junction 
channel which is characterized by a high proportion of beta- 
sheet running parallel to the membrane surfaces (Makowski 
et al., 1982). Thus the membrane intercalated regions of this 
protein may not span the membrane in short, perpendicular 
traverses of  the type observed in bacteriorhodopsin (Hender- 
son and Unwin,  1975). 
The amino acid sequence predicted by the cloned cDNA 
exhibits one potential site for N-linked glycosylation (asn-X- 
ser/thr) at residue 2. The 27-kD protein associated with iso- 
lated junctions  is  apparently not glycosylated. This could 
mean that the potential sites are not exposed in the lumen of 
the rough endoplasmic reticulum where such glycosylation 
The Journal of Cell Biology, Volume 103, 1986  132 normally occurs. If so, it predicts an either membrane em- 
bedded or cytoplasmic disposition for the NH2 terminus. 
Northern blot analysis reveals the presence of very high 
molecular mass RNAs in poly(A) liver and lens. The nature 
of these RNAs is unknown. Possibly, they represent partially 
processed primary transcripts.  If so, an interesting possibil- 
ity exists that the different lower molecular mass RNAs ob- 
served in liver, heart, and lens are derived by differential pro- 
cessing of the same primary transcript.  Another important 
consideration in the analysis of these Northern blots is that 
most of the tissues examined contain more than one type of 
cell. For example, lens exhibits two major cell types and at 
least two types of gap junctions that can be distinguished 
physiologically  (Miller  and Goodenough,  1986).  It  is not 
known which of these types, if any, are responsible for the 
bands  observed in Northern blots of lens RNAs. 
I would like to thank Dr. J. V. Ruderman (Duke University) and all the mem- 
bers of her laboratory for the considerable time, effort,  and material they 
expended teaching me the elements of molecular biology; Dr. M. Mueckler 
(Massachusetts Institute  of Technology) for the girl of the rat liver library; 
Dr.  E. Beyer (Harvard  University) for performing much of the Northern 
blot analysis; Drs. N. B. Gilula and N. Kumar (Baylor College of Medicine) 
for sharing nncleotide sequence of a human liver gap junction cDNA clone 
before publication, and Dr. D. A. Goodenough (Harvard University) for in- 
sight and enthusiasm as always. I am grateful  to Lisa Taylor, John Rennie, 
and especially John Jordan  for their excellent technical assistance during 
various phases of this work. 
This work was supported by grants GM18974 and EYO2430 from the Na- 
tional Institutes  of Health to D. A. Goodenough. 
Received  for publication  1 February  1986,  and in revised  form  10 April 
1986. 
References 
Alcala, J., N. Lieska, and H. Maisel.  1975. Protein composition of bovine 
lens cortical  fiber cell membranes.  Exp. Eye Res. 21:581-595. 
Aviv,  H.,  and  P.  Leder.  1972. Purification of biologically  active  globin 
mRNA  by  chromatography  on oligothymidylic  acid  cellulose.  Proc.  Natl. 
Acad.  Sci. USA. 69:1408-1412. 
Bencini, D. A., G. A. O'Donovan,  and J.  R. Wild.  1984. Rapid chemical 
degradation  sequencing. Biotechniques.  2:4-5. 
Bennett, M. V. L., and D. A. Goodenough.  1978. Gap junctions, electrotonic 
coupling  and  intercellular  communication.  Neurosci. Res.  Program  Bull. 
16:373-486. 
Biggin, M.  D., T. J. Gibson,  and G. F. Hong.  1983. Buffer gradient gels 
and  35S  label as an aid  to rapid  DNA  sequence determination.  Proc.  Natl. 
Acad.  Sci. USA. 80:3963-3965. 
Bok, D., J. Dockstater, and J. Horwitz.  1982. Immunocytucbemieal localiza- 
tion of the lens main intrinsic polypeptide (MIP26) in communicating junctions. 
J.  Cell Biol. 92:213-220. 
Brown, W. J., and M. G. Farquhar.  1984. The mannose-6-phosphate recep- 
tor  for  lysosomal  enzymes  is  concentrated  in  cis  Golgi  cisteroae.  Cell. 
36:295-307. 
Chirgwin, J. M., A. E. Przybyla, R. J. MacDonald, and W. J. Rutter.  1979. 
Isolation  of biologically  active  ribonucleic  acid  from sources  enriched  in 
ribonuclease.  Biochemistry.  18:5294-5299. 
Chnu, P. Y., and G. D. Fasman.  1974. Prediction of protein conformation. 
Biochemistry.  13:222-245. 
Dale, R. M. K., B. A. McClure,  and J. P. Houchins.  1985. A rapid single 
stranded cloning strategy for producing a sequential series of  overlapping clones 
for use in DNA sequencing: application to sequencing the corn mitochondrial 
18s rDNA.  Plasmid.  13:31-40. 
Dermietzel, R., A. Leibstein, U. Krixen, U. Janssen-Timmen, O. Traub, and 
K. Willecke.  1984. Gap jnnctions in several tissues share antigenic determinants 
with liver gap junctions.  EMBO  (Fur. Mol. Biol. Organ.) J.  3:2261-2270. 
Eagle, A., A. Massalski, H. Schindler, D. L. Dorset, and J. P. Rosenbusch. 
1985. Porin channel triplets merge into single outlets in Escherichia coli outer 
membranes.  Nature  (Load.).  317:643-645. 
Fallon,  R. F., and D. A. Goodenough.  1981. Five-hour half-life of mouse 
liver gap-junction protein.  J.  Cell Biol.  90:521-526. 
Feinberg,  A.  P.,  and  B.  Vogelstein.  1983. A technique  for radiolabeling 
DNA restriction endonuclease  fragments to high specific activity. Anal.  Bio- 
chem.  132:6-13. 
Finbow,  M. E., T. Eldridge,  J. Buultjens, E. Kam, J. Shuttleworth,  and J. 
Pitts.  1985. Comparison of the protein components present in vertebrate  and 
arthropod gap junction preparations.  In Gap Junctions.  M. V. L. Bennett and 
D.  C.  Spray, editors.  Cold Spring Harbor Laboratory,  Cold Spring Harbor, 
NY.  77-89. 
Fitzgerald, P. G., D. Bok, andJ. Horwitz.  1983. Immunocytocbemical local- 
ization of the main intrinsic polypeptide  (MIP26) in ultrathin frozen sections 
of rat lens. J.  Cell Biol. 97:1491-1499. 
Friend,  D. S., and N. B. Gilula.  1972. Variations in tight and gap junctions 
in mammalian tissues. J.  Cell Biol.  53:758-776. 
Goodenough,  D. A.  1979. Lens gap junctions:  a structural  hypothesis for 
non-regulated low resistance intercellular  pathways.  Invest.  Ophthalmol.  lg: 
1104-1122. 
Goodeaough, D. A., and W. Stoeckenius. 1972. The isolation of  mouse hepa- 
tocyte gap junctions.  Preliminary chemical characterization  and X-ray diffrac- 
tion. J.  Cell Biol. 54:646-656. 
Goodenough,  D. A., J. S. B. Dick, and J. E. Lyons.  1980. Lens metabolic 
cooperation:  a study of mouse lens transport and permeability visualized with 
freeze-substitation  autoradiography  and  electron  microscopy.  J.  Cell  BioL 
86:576-589. 
Gorin,  M. B.,  S.  B. Yancey, J.  Cline,  J.  P.  Revel, and J.  Horwitz.  1984. 
The major intrinsic protein (MIP) of  the bovine lens fiber membrane: character- 
ization and structure based on cDNA cloning.  Cell. 39:49-59. 
Gros,  D. B., B. J. Nicholson, and J. P. Revel.  1983. Comparative analysis 
of gap junction protein from rat heart and liver: is there a tissue specificity of 
gap junctions?  Cell. 35:539-549. 
Helms, C., M. Y. Graham, J. E. Dntchik, and M. V. Olson.  1985. A new 
method for purifying Lambda DNA from phage lysates. DNA (NY). 4:39-49. 
Henderson,  D., H. Eibl,  and K. Weber.  1979. Structure and biochemistry 
of mouse hepatic gap junctions.  J.  Mol. Biol.  132:193-218. 
Henderson, R., and P. N. T. Unwin. 1975. Three-dimensional model of pur- 
ple membrane obtained by electron  microscopy.  Nature  (Land.).  257:28-32. 
Hertzberg,  E. L., and N. B. Gilula.  1979. Isolation and characterization  of 
gap junctions  from rat liver. J.  Biol. Chem. 254:2138-2147. 
Hertzberg,  E.  L., and R. V. Skibbens.  1984. A protein homologous to the 
27,000 dalton liver gap junction protein is present in a wide variety of species 
and tissues.  Cell. 39:61-69. 
Hertzberg,  E. L., D. J. Anderson, M. Friedlander,  and N. B. Gilula.  1982. 
Comparative analysis of  the major polypeptides from liver gap  juctions and lens 
fiber junctions.  J.  Cell Biol. 92:53-59. 
Hubbard,  A. L., D. A. Wall, and A. Ma.  1983. Isolation of rat hepatocyte 
plasma  membranes.  I.  Presence  of three  major  domains.  J.  Cell Biol. 96: 
217-229. 
Kensler, R. W., and D. A. Goodenough.  1980. Isolation of mouse myocar- 
dial gap junctions.  J.  Cell Biol.  86:755-764. 
Kyte,  J., and  R.  F.  Doolittle.  1982. A simple method  for displaying the 
hydropathie character of a protein. J.  Mol. Biol.  157:105-132. 
Laemmli,  U. K  1970. Cleavage of structural proteins during the assembly 
of the head of bacteriophage  T4. Nature  (Land.).  227:680-688. 
Makowski,  L., D. L. D. Caspar,  D. A. Goodenough,  and W.  C.  Phillips. 
1982. Gap junction structures. III. The effects of variations in the isolation pro- 
cedure.  Biophys. J.  37:189-191. 
Maniatis, T., E.  F.  Fritsch,  and J. Sambrook.  1982. Molecular cloning:  a 
laboratory manual. Cold Spring Harbor Laboratory, Cold Spring Harbor, NY. 
320-329. 
Manjunath, C. K., G. E. Goings, and E. Page.  1982. Isolation and protein 
composition of gap junctions  from rabbit hearts.  Biochem. J.  205:189-194. 
Messing, J., and J.  Vieira.  1982. A new pair of MI3 vectors for selecting 
either DNA strand of double-digest restriction fragments.  Gene.  19:269-276. 
Miller, T. M., and D. A. Goodenough.  1986. Evidence for two physiologi- 
cally distinct gap junctions  expressed by the chick lens epithelial cell. J.  Cell 
Biol.  102:194-199. 
Mueckler,  M., and H. C.  Pitot. 1985. Sequence of the precursor to rat or- 
nithine  aminotransferase  deduced from  a  cDNA  clone.  J.  Biol.  Chem. 
260:12993-12997. 
Muesing,  M., C.  D. Carpenter,  W. H. Klein, and B. Polisky.  1984. High 
level expression  in Escherichia  coil of calcium-binding  domains  of an em- 
bryonic  sea urchin protein.  Gene. 31:155-164. 
Nicholson, B. J., D. B. Gros, S. B. H. Kent, L. E. Hood, and J. P. Revel. 
1985. The Mr 28,000 gap junction proteins from rat heart and liver are differ- 
ent but related. J.  Biol. Chem. 260:6514-651% 
Nicholson, B. I., L. J. Takemoto, M. W~ Hunkapillar, L. E. Hood, and J.  P. 
Revel. 1983. Differences between the liver gap  junction protein and lens MIP26 
from rat: implications for tissue specificity of gap junctions.  Cell. 32:967-978. 
Page, E., and C. K. Manjunath.  1985. Biochemistry and structure of cardiac 
gap junctions:  recent observations.  In Gap Junctions.  M. V. L.  Bennett and 
D. C.  Spray, editors.  Cold Spring Harbor Laboratory,  Cold Spring Harbor, 
NY. 49-56. 
Paul, D. L. 1985. Antibody against liver gap junction 27 kD protein is tissue 
specific and cross-reacts with a 54 kD protein. In Gap Junctions. M. V. L. Ben- 
nett and D. C.  Spray,  editors.  Cold Spring Harbor Laboratory,  Cold Spring 
Harbor,  NY.  107-122. 
Paul,  D. L., and D. A. Goodenough.  1983a. Preparation,  characterization 
and localization of antisera against bovine MP26, an integral protein from lens 
fiber plasma membrane.  J.  Cell Biol. 96:625-632. 
Paul Molecular  Cloning of cDNA for Rat Liver Gap Junction Protein  133 Paul, D. L., and D. A. Goodenough. 1983b. In vitro synthesis  and membrane 
insertion of bovine MP26, an integral membrane  protein from lens fiber plasma 
membrane. J.  Cell Biol. 96:633-638. 
Proudfoot, N. J., and G. G. Brownlee. 1976. 3' non-coding region sequences 
in eukaryotic messenger RNA. Nature  (Lond.). 263:211-214. 
Pustell, J., and F. C. Kafatos. 1982. A high speed, high capacity homology 
matrix:  zooming  through  SV40  and  Polyoma.  Nucleic  Acids  Res.  10: 
4765--4782. 
Rose, B., and W. R. Loowenstein. 1975. Permeability of cell junctions de- 
pends on local  cytoplasmic calcium activity. Nature  (Lond.). 254:250-252. 
Sanger, F., S.  Nicklen, and A. R. Coulsen.  1977.  DNA sequencing with 
chain terminating inhibitors. Proc.  Natl. Acad.  Sci. USA. 74:5463-5467. 
Spray, D. C., A. L. Harris, and M. V. L. Bennett. 1981. Equilibrium proper- 
ties of a voltage-dependent  junctional conductance. J. Gen. Physiol. 77:77-93. 
Towbin, H. T., T. Staehelin,  and J. Gordon. 1979.  Electrophorctic  transfer 
of protein from polyacrylamide gels to nitrocellulose sheets: procedure and 
some applications. Proc.  Natl. Acad.  Sci. USA. 76:4350-4354. 
Traub, O., and K. Willecke. 1982. Cross-reaction of antibodies against liver 
gap junction protein (26K) with lens fiber junction protein (MIP) suggests  struc- 
tural homology between these tissue specific gene products. Biochem. Biophys. 
Res.  Commun.  109:895-901. 
Turin, L., and A. Warner. 1977. Carbon dioxide reversibly abolishes ionic 
communication between cells of early amphibian embryos. Nature  (Lond.). 
270:56-57. 
Warner, A. E., S. C. Guthrie, and N. B. Gilula.  1984. Antibodies to gap- 
junctional protein selectively disrupts junctional communication in the early 
amphibian embryo. Nature  (Lond.). 311:127-131. 
Weber, K., and M.  Osboro.  1975.  Proteins and sodium dodecyl sulfate: 
molecular weight determination on polyacrylamide gels and related procedures. 
In The Proteins, 3rd ed. H. Neurath and R. L. Hill,  editors. Vol. I. Academic 
Press Inc., NY.  179-223. 
Weir, M. P., and C. W. Lo. 1982. Gap junctional communication compart- 
ments in the Drosophila wing disk. Proc. Natl. Acad. Sci. USA. 79:3232-3235. 
Young, R. A., and R. W. Davis. 1983.  Yeast RNA polymerase II genes: 
isolation with antibody probes. Science  (Wash. DC).  222:778-782. 
Zervos, A. S., J. Hope, and W. H. Evans. 1985. Preparation of a gap junc- 
tion fraction from uteri of pregnant rats: the 28-kD polypeptides of uterus, liver, 
and heart gap junctions are homologous. J.  Cell Biol. 101:1363-1370. 
The Journal of Cell Biology, Volume  103, 1986  134 